Abstract: Leukotrienes (LTs) are involved in the pathogenesis of lung fibrosis and were increased in exhaled breath condensate (EBC) of the patients with pneumoconiosis. However the possible influence of extra-pulmonary disorders on the EBC markers is not known. Therefore in parallel with EBC, LTs' levels in the plasma and urine were measured in patients with pneumoconiosis (45 × asbestos exposure, 37 × silica exposure) and in 27 controls. Individual LTs B4, C4, D4 and E4 were measured by liquid chromatography − electrospray ionization − tandem mass spectrometry (LC-ESI-MS/MS). In EBC, LT D4 and LT E4 were increased in both groups of patients (p<0.001 and p<0.05), comparing with the controls. Both LT B4 and cysteinyl LTs were elevated in asbestosexposed subjects (p<0.05). Asbestosis with more severe radiological signs (s1/s2-t3/u2) and lung functions impairment has shown higher cysteinyl LTs and LT C4 in the EBC (p<0.05) than mild asbestosis (s1/s0-s1/s1). In addition, in the subjects with asbestosis, cysteinyl LTs in EBC correlated with TLC (−0.313, p<0.05) and TLCO/Hb (−0.307, p<0.05), and LT C4 with TLC (−0.358, p<0.05). In pneumoconioses, EBC appears the most useful from the 3 fluids studied.
Introduction
In the latest several years, the analysis of biomarkers present in the exhaled air has inspired a number of developments, appearing to be a beneficial none-invasive diagnostic tool for monitoring the activity of respiratory Industrial Health 2012, 50, 299-306 system disorders. In occupational pneumology, different biomarkers of the effect, such as oxidative stress and inflammatory-derived markers have been applied in the investigation of asthma and pneumoconiosis, which may contribute to studying the pathological state of the lungs of workers with previous exposure to fibrogenic and carcinogenic dusts, such as asbestos and silica 1) . For patients with asbestosis and silicosis, no treatment is available, and a chronic progression is typical even decades after the end of exposure due to the retention of fibrogenic particles in the lungs. Several diseases may develop due to asbestos exposure, besides pleural plaques and diffuse pleural thickenings also malignant tumors such as lung cancer and mesothelioma of the pleura, which have a poor prognosis. Silica is also a recognized lung carcinogen according to the International Agency for Research on Cancer (IARC).
The oxidation of arachidonic acid by the 5-lipoxygenase pathway produces leukotrienes (LTs), playing an active role in the pathogenesis of respiratory disorders. There appear to be diseases where the 5-lipoxygenase pathway is constitutively activated and LTs are produced constantly, as in idiopathic pulmonary fibrosis 2) and systemic sclerosis 3) . LTs are involved in the pathogenesis of lung fibrosis by direct effects on migration, proliferation and matrix protein synthesis by fibroblasts, as well as by indirect effects, such as suppression of the production of antifibrogenic cytokines 4) . LT B4 attracts and activates leukocytes and its level increases during exacerbation of chronic obstructive pulmonary disease (COPD) and after smoking 5) . Cysteinyl LTs (C4, D4 and E4) participate in the pathogenesis of asthma 6, 7) and are active in the remodeling of the airways.
They promote the proliferation of human bone marrowderived fibroblasts, which participate in tissue remodeling and repair 8) . Also human bronchial fibroblasts can produce both LT B4 and cysteinyl LTs 9) . Hypoxia-induced chronic pulmonary hypertension 10) and bleomycin-induced pulmonary fibrosis in mice are characterized by overproduction of cysteinyl LTs and are significantly ameliorated in 5-lipoxygenase knockout mice 11) . The experimental study of Shimbori et al. 12) recently proved the role of LTs in silica-induced pulmonary fibrosis in mice. They found that the tissue content of LT B4 and cysteinyl LTs after silica exposure was markedly elevated in the acute phase, then decreased and increased again in the chronic phase. Based on their histological findings they suggest that fibroblasts and type II alveolar epithelial cells, able to secrete LTs, play an important role in the chronic phase of silica-induced fibrogenesis and that the increased production of LTs in lung tissues contributes to the onset and progression of fibrosis. Several clinical studies are in agreement with the experimental results. It was shown that patients with idiopathic pulmonary fibrosis exhibit overproduction of both LT B4 and cysteinyl LTs 13, 14) . LT B4 15) and cysteinyl LTs were also elevated in the EBC of patients with pneumoconioses 16, 17) .
However, LTs do not originate exclusively in the lungs, as arachidonic acid is contained in the membrane phospholipids of all cells in the body. LTs are analogous to hormones that act locally and are considered as chemical messengers that transmit signals from immune system cells to essentially all other types of cells in the surrounding tissues 18) . LT B4 is best known for its role in initiating the inflammatory response, produced by leukocytes (e.g. macrophages) residing in the tissue in response to stimuli like infection or stress. It has been found to be overproduced in ulcerative colitis, Crohn's disease, inflammatory bowel disease, rheumatoid arthritis and other disorders 18) .
Recently, roles of LTs' have been discovered in different kinds of cancers, atherosclerosis and other disorders 19) , and these findings might contribute to the treatment of these diseases in the future 20, 21) . EBC is usually considered to indicate lung involvement only. However, as was shown recently in subjects with human carcinogen group 1 (IARC) 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) induced atherosclerosis, vascular dysfunction and neurotoxicity, EBC may reflect other then lung diseases. These patients without respiratory disorders had not only urine, but also EBC concentration of LTs' significantly increased 22) . Therefore, this study was also aimed to exclude a significant extra-pulmonary involvement of atherosclerosis and other systemic diseases on the EBC markers in subjects with asbestosis and silicosis. As was already mentioned, besides in the EBC, LTs can be detected in other body fluids, such as plasma and urine, using sensitive analytical methods. Surprisingly little is known about whether a correlation among blood, urine and EBC concentrations exists, as LTs have usually been studied in a single matrix only. Moreover, as cysteinyl LTs have been most frequently analyzed by enzyme immunoassay (EIA) as a complex of LT C4, LT D4 and LT E4, little information is available on their individual levels. LT E4 is considered to be the final metabolite of LT C4 and LT D4. Consequently, only LT E4 has commonly been analyzed in urine 23, 24) .
Therefore, in the present study, a measurement of all the above mentioned markers in the EBC, plasma and urine was performed to evaluate the possible impact of systemic diseases, pharmaceuticals and diet on EBC levels of LTs, and, on the other hand, the potential correlation of respiratory disorders with plasma and urine LTs' levels.
Methods

Subjects
In total, 82 patients (60 men, 22 women) with occupational lung diseases were enrolled in the study. Fortyfive patients (24 men, 21 women, mean age 69.6 ± 2.0 yr; 15.5% smokers) had been exposed to asbestos for 23.3 ± 2.9 yr, on average, in the production of asbestos insulation and textile materials, asbestos cement roofing and pipe. Chest radiography was performed in all asbestos-exposed subjects, and high resolution computer tomography (HRCT) in 93.3% of patients with asbestos exposure. Pleural hyalinosis was found in all patients; among them, 20 subjects (44.4%) had diffuse pleural thickening. As for radiological changes, 7 subjects (15.5%) had irregular opacities grade 0/s1; in 21 subjects (46.7%) mild radiological signs of asbestosis (classification s1/0 or s1/s1) were seen; and 17 patients (37.8%) had a higher grade of asbestosis (in the range of s1/s2-t3/u2) 25) .
Thirty-seven patients, formerly exposed to silica (36 men, 1 woman, mean age 69.1 ± 2.9; 13.5% smokers), had worked as metal ore miners, tunnelers, foundry workers or stone cutters for an average of 24.8 ± 3.1 yr. According to the findings on the chest radiographs, 17 subjects (45.9%) had simple silicosis in the range p2-r3, and 20 subjects (54.1%) had complicated silicosis in the range of A-C 25) .
Twenty-seven control subjects (18 men, 9 women, mean age 66.0 ± 6.9 yr; 14.8% smokers) had never been occupationally exposed to fibrogenic dusts nor diagnosed with lung fibrosis. They had previously worked as office employees and safety inspectors.
Exclusion criteria in all groups were the exacerbation of chronic bronchitis, treatment with antibiotics during the past 2 months, and smoking in the morning before the examination.
The number of subjects diagnosed with chronic bronchitis (COPD grade 0), COPD (grade I-IV) 26) and asthma in the asbestos-exposed group was 5 (11.1%), 0 (0%) and 1 (3.5%) subject; in the silica-exposed 3 (8.9%), 10 (27.0%) and 2 (6.9%) subjects. In the controls 2 subjects (7.4%) had COPD grade 0, one (3.7%) COPD grade I; no person had asthma. Subjects with systemic disorders were present in all groups examined. The percentage of those diagnosed with atherosclerosis in asbestos-exposed, silica-exposed and controls was 60.0, 78.4 and 59.3, respectively. The percentage of subjects from the same groups previously diagnosed with cancer was 11.1 (2 × kidney, 2 × breast, 1 × blood), 15.6 (3 × lung, 2 × colon, 1 × prostate, 1 × urinary) and 7.4 (1 × larynx, 1 × prostate), respectively. Systemic inflammatory diseases were rare; ulcerative colitis was diagnosed in one asbestos-exposed patient, and rheumatoid arthritis in one patient from both the asbestos and silicaexposed groups; in no subject in the control group.
All 3 groups of subjects were examined according to the following scheme: physical examination and a standardized questionnaire with personal and occupational history, treatments, dietary habits, and alcohol intake. In addition, smoking, meals and alcoholic beverages consumed during the day proceeding the day of examination and biological sample collection were recorded.
Blood and urine analysis
Blood and a spot urine samples were taken between 8 and 12 a.m. for following parameters: erythrocyte sedimentation (ESR), cholesterol, triacylglyceroles, glycohemoglobin, creatinine and liver enzymes in the blood; urinalysis; in addition LTs B4, C4, D4 and E4 were measured in plasma and urine.
EBC collection
EBC collection was performed within the following 15-20 min with EcoScreen, Jaeger, for the analysis of LTs B4, C4, D4 and E4. All subjects (wearing a nose-clip) breathed tidally through a mouthpiece connected to the condenser (−20°C), where vapors, aerosols and moisture condense along the walls of the tube 27) . A constant volume of 120 l of exhaled air was maintained. Immediately after the sample collection, its volume was measured, and 250 pg of LTE 4 -d 3 was added to 1 ml of EBC as deuterium labelled internal standard (stable-isotope-dilution assay). Samples were immediately frozen to −80°C and stored for a period not exceeding 2 months. Lung functions were measured using a body plethysmograph (Jaeger, Germany) in all subjects. The study was agreed by the ethical committee and carried out according to the Helsinki Declaration; all subjects signed the informed consent.
Analysis of leukotrienes
Analysis of leukotrienes was performed as previously described 28) . Briefly, the method consists of a pretreatment step, solid-phase extraction (SPE) for rapid and effective isolation of biomarkers from the biological matrices (EBC, plasma and urine) and a detection method using Industrial Health 2012, 50, 299-306 liquid chromatography − electrospray ionization − tandem mass spectrometry (LC-ESI-MS/MS). The concentration of LTs was expressed both in the total sample and per ml of EBC sample to enable an easier comparison among laboratories. Contamination of the EBC with saliva eicosanoids and aldehydes was excluded by measuring the concentration of α-amylase (UV-VIS absorption spectroscopy).
Statistical methods
Both discrete and continuous variables were included in the present study. Basic descriptive statistics (mean, mode, median, range, minimum, maximum, standard deviation, skewness and kurtosis) were calculated in the case of continuous variables. Data were verified to be free of impossible and/or unexpected values. Subsequently, the normal distribution of all variables was tested using the Kolmogorov-Smirnov test. Furthermore, the Pearson product moment correlation and Spearman rank correlation were used for normally and non-normally distributed variables, respectively. Moreover, correlations were calculated separately for selected markers in all three groups. The statistical significance of the correlations was tested on three levels: p<0.05, p<0.01 and p<0.001. The one-way analysis of variance (ANOVA) with the Fisher LSD post-hoc test was used to compare differences between groups. In the event of non-normally distributed variables, the KruskalWallis test with respective post-hoc comparisons was used as a nonparametric alternative to the one-way ANOVA.
In the case of categorical variables, data were analyzed using frequency tables and the chi-square test of homogeneity. The point-biserial correlation and Spearman correlation were used to analyze the relationships between pairs of categorical and continuous variables. This approach is an alternative to the independent samples t-test with the same significance levels.
All analyses were conducted and verified in SPSS 17 (SPSS Inc., Chicago, IL, USA).
Results
The parameters of lung functions were significantly impaired in both groups of patients, as shown in Table 1 . The average acquired EBC volume was 1.795 ± 0.077 ml (range 1.0-2.8) and did not differ among the groups of subjects. LTs in the EBC, plasma and urine are presented in Table 1 .
In the group of patients with silicosis, only one correlation of LT D4 with RV/TLC% (r=-0.336, p<0.05), was found.
In the patients with asbestos exposure LTs have shown several correlations with the impairment of the parameters of the lung functions. In addition, asbestosis with more severe radiological signs (s1/s2-t3/u2) had higher LT C4 and cysteinyl LTs in the EBC (p<0.05) than mild asbestosis (s1/ s0-s1/s1) ( The correlations of LTs levels in 3 different matrices, i.e. EBC, plasma and urine were calculated first in the total group of the subjects. It was found that LT D4 in the EBC that was elevated in the patients correlated with urine (r=0.254, p<0.01) and plasma LT D4 levels (r=0.435, p<0.001); and LT E4 in the EBC borderline correlated with its plasma level (r=0.187, p=0.051, n.s.). Also after division into the 3 groups of subjects, correlations of LT D4 in EBC and urine were observed (Fig. 1) .
ESR in both asbestos-exposed, and silica-exposed groups was higher, 17.9 ± 4.6 (p=0.002), 19.9 ± 5.4 (p<0.001), respectively, than in controls with 7.4 ± 2.4.
ESR correlated with LT C4, in the EBC (r=0.227, p<0.05).
No significant difference among the 3 groups was seen for mean cholesterol, triacylglyceroles, glycohemoglobin or liver tests. As for extra-pulmonary disorders and treatments in the patients with pneumoconioses, they only rarely showed a positive correlation with the elevated markers in plasma and urine, as shown in Table 3 . In addition, several negative correlations were found, especially for LT C4 (data not shown).
Alcohol intake in g/week, diet regimen (quantity of fruits, vegetables, eggs, meat portions, butter/animal fat use per week) and diet on the day preceding the examination did not show a correlation with the concentration of LTs in any biological matrix.
Discussion
This study confirmed the elevation of LT D4 in the patients with silica and asbestos-induced diseases in studies that involved EBC analysis only 16, 17) . In addition, cysteinyl LTs were elevated. Lehtonen 15) found increase of LT B4 in patients with asbestosis, which finding differed from our previous study in 92 asbestos-exposed subjects 17) , where about 76% of patients had pleural hyalinosis and 61% interstitial lung fibrosis. In contrast, in recent study, hyalinosis and/or asbestosis were present in all subjects. This may explain why this time the elevation of LT B4 was detected. However, our negative finding for LT B4 in the EBC of patients with silicosis was repeated 16) , in contradiction to the Shimbori experimental study 12) . It was in closer agree-ment with an earlier experimental study demonstrating that silica exposure resulted in a decreased both LT B4 and LT C4 production from alveolar macrophages, suggested to be a regulatory mechanism to counterbalance enhanced TNF-alpha production during silicosis 29) . Unfortunately, we are not aware of any other human studies of the EBC in the silicotics for the comparison with our results. In addition to EBC, several LTs in plasma and urine of the patients were elevated comparing to the controls. In the patients with pneumoconioses, markers in EBC were not positively correlated with any extra-pulmonary disease. As to respiratory disorders, LT C4 in EBC correlated with COPD, which confirms our findings from the last studies focused on EBC analysis only 16, 17) . The most important result of this study is the fact that EBC markers in the patients with pneumoconiosis appear to primarily Industrial Health 2012, 50, 299-306 reflect these respiratory disorders. In the patients with radiological signs of asbestosis, cysteinyl LTs in EBC correlated with the impairment of TLC and TLCO/Hb, and LT C4 with TLC. These LTs in the EBC were higher in the group of subjects with more severe interstitial fibrosis than with milder asbestosis. In urine and plasma, a positive correlation was found for kidney failure and LT D4 in the urine of the patients with silicosis, and nephrolithiasis with LT E4 in plasma of the controls.
As to disorders of the respiratory system, no other positive correlations were found in the patients with pneumoconiosis with the exception of LT C4 and COPD in the silicotics.
No significant correlation of LTs levels was found with smoking or dietary habits, including alcohol consumption in general, or on the day preceding the collection of biological samples. Among the other factors studied, only a few positive correlations of LTs were observed. Pharmacological treatment (with nitrates, salicylates, antihypertensives, and corticosteroids) correlated mostly negatively in some groups of subjects (data not shown).
Surprisingly, corticosteroids correlated also positively. In one study, corticosteroids decreased LT E4 in the EBC of patients with asthma by 18% and had no effect on LT B4 in the EBC 23) ; LT C4 and LT D4 were not measured in that study. The effect of other pharmacological treatments on LTs is mostly unknown, according to the literature data. As LT E4 in urine is used for the evaluation of asthma, diseases such as kidney failure, and hypertension should be considered as potentially modifying factors. The same should be applied to salicylates, vitamin E and vitamin C treatment which have exhibited the most correlations with LTs.
According to the literature, LT B4 was higher in exacerbated bronchitis and after smoking. These conditions were excluded in our study. Additionally LT B4 has been described to be overproduced in ulcerative colitis, Crohn's disease, inflammatory bowel disease, rheumatoid arthritis and other disorders 18) , associated with antineutrophil cytoplasmic antibody (ANCA) positivity, such as disorders due to silica and asbestos exposure 30, 31) . Further studies are needed to elucidate any possible relationships. The measurement of markers in EBC is not commonly used in the practice of occupational medicine; nevertheless the results support its utility as a noninvasive technique for exploring the pathophysiology of lung diseases due to asbestos 32) and silica 33) . EBC collection and analysis is not considered a standard method for the medical practice yet, however repeated findings in groups of different subjects with pneumoconiosis support its usefulness. Importantly, LTs in the EBC in our patients did not significantly correlate with any other extrapulmonary disease. EBC appears to be the matrix of choice for the analysis in the respiratory disorders. In addition, we report a new original finding that the impact of pneumoconiosis is not limited to the EBC. It is in accordance with the more frequent ANCA positivity and increase in ESR in silicosis and asbestosis patients.
Therefore, in addition to EBC collection, urine LT D4 and plasma LT B4 and LT E4 sampling might be used in patients with pneumoconiosis for the analysis of LTs when the equipment for EBC collection is not available. In this situation, pharmacological treatments and co-morbidities should be recorded and considered.
LC-ESI-MS/MS as a more sensitive method enables a separate detection of individual cysteinyl LTs in the EBC, plasma and urine.
